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1. Introduction.

The ability of energetic charged cosmic-~ray particles to arrive at a par-
ticular location within the magnetosphere can be characterised by the cutoff
rigidity for the location and the direction of particle arrival. Knowledge of
the cutoff rigidity is a pre-requisite for the determination of the total radi-
ation dose from such particles at the location from the direction under consider-
ation. Calculation of cutoffs is a time consuming task, which can be expedited
by prior knowledge of the directions from which primary particles of any rigidity
are able to reach a specific location.

The general aim of the research reported here was to extend the information
previously available on the access of cosmic rays to Earth orbiting spacecraft,
at altitudes between a few hundred and a few thousand kilometres. This range
encompasses the locations encountered by all but the lowest orbit satellites
having periods of a few hours or less. There were several specific aims within
the general heading. Particular attention was to be paid to below-horizon
directions of arrival; to estimates of the effect due to the proximity of the
solid Earth; and to attempts to identify locations and altitudes at or near
which interpolation between cutoffs calculated for adjacent locations and/or
directions of arrival does not produce usefully accurate results. It was also
planned to start to investigate the sensitivity of the calculated results to the
various available models of the geomagnetic field, and to assumptions made in
connection with the effect of the atmosphere.

2. The effect of altitude on access from below—horizon directions.

Directions from which at least some particles are able to arrive at a given
location may in principle be determined by the use of a brute force method simi-
lar to that needed for explicit calculation of cutoffs. A very large comput-
ational effort is required to produce the necessary 5-dimensional matrix of
values using the standard trajectory—tracing technique. The variables involved
are the location (latitude, longitude, and altitude), and the particle's direct-
ion of arrival, expressed in terms of azimuth and zenith angles. It was, there-
fore, never intended that the project should be undertaken in that manner.

An alternative way to approach such a survey is to consider a particular
location and azimuth of arrival, and to then search for the largest possible
zenith angle at which the location may be reached by an incoming primary cosmic
ray particle. A technlique was devised to search rigidity/zenith-angle space
for accessible arrival directions (Humble et al, 1983, attached as Appendix B).
The search proceeds, for a given location and azimuth, in the directions of
increasing zenith angle and decreasing rigidity, until no further accessible
directions of arrival can be found.

Each search was started at a zenith angle of 100°, above the local
satellite/Earth horizon at all altitudes considered (Humble, 1983, attached as
Appendix B; Table 1). It was found that, for zenith angles larger than that of
the horizon, primary particles are only able to reach the satellite from gener-
ally westerly directions. Such particles experience a V x B force having a pos-
itive radial component in the final stages of their approach to the satellite.
Their trajectories consequently have positive upwards curvature, and the local
zenith angle of arrival can be larger than that of the horizon. The range of
accessible azimuths increases with altitude, as would be expected.
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In general, it would be expected that the largest accessible zenith
angle for a given latitude, longitude, and azimuth, would also increase with
increasing altitude. This was found to be the case. Defining Z to denote the
largest accessible zenith angle found at any altitude, regardless of latitude,
longitude, or azimuth, the following results were obtained:

Altitude Z

400 km 150°

600 156 .
800 166

1000 172

1250 180

More detailed results are given in the two publications which have so far arisen
from this work (Humble et al, 1983: Appendix A; Humble, 1983: Appendix B).

Note that a Z of 180° for a particular altitude means that primary particles
are able to reach a satellite at that altitude from the nadir direction, directly
underneath it, at at least one location somewhere on the orbit. This does not,
however, mean that all possible directions of arrival are accessible at such a

location. Easterly arrival directions at below—horizon zeniths are still
forbidden.

As the altitude increases above 1250 km a range of large zenith angles in
generally easterly directions begins to become accessible, whilst smaller (but
still below-horizon) zenith angles in the same azimuthal directions remain in-
accessible. The higher altitude permits particles approaching the general region
of the satellite at low altitudes from the west to pass above the top of the
atmosphere more than one gyro-radius beneath the satellite. Such particles will
arrive at the satellite from easterly directions at large zenith angles.

The phrase "generally easterly” used above requires qualification. The
precise azimuths at which these effects occur are latitude dependent. The
largest zenith angles of access occur in directions which are slightly equator-—
ward of west in both hemispheres. The curve~under effect occurs in the set of
opposite directions, slightly to the poleward of east in both hemispheres.

Preliminary surveys were conducted at altitudes of 2400 and 3600 km. These

g0
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v

~ computations, like all others in this study, were performed for 20° intervals in
7‘ latitude and 60° intervals in longitude. At 2400 km the curve-under phenomenum
5, was found to exist only at latitudes between 20°N and 20°S. At these latitudes

¢
p

the effect is also markedly longitude dependent, due to the asymmetric nature of
the geomagnetic field. Accessible easterly zenith angles were found to commence
at the nadir, zenith angle 180°, and to extend to zenith angles of about 140°,
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with a couple of cases running up to 110°, well above the satellite/Earth horizon ]
at this altitude.

:{ Similar results were obtained for 3600 km altitude, except that the range

:; of allowed easterly zeniths is much larger and the latitude range extends to 40°

ox in both hemispheres. The longitude effect is not so noticeable. Furthermore,

;3 a considerable number of cases were found at this altitude for which some east-

erly azimuths are accessible at all zenith angles. In these cases the range of
zeniths accessible by particles from the west looping below the satellite over-
laps the range accessible by particles of other rigidities approaching more
directly from the east. Due to the nature of the search algorithm employed,
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it is suspected that a few more such cases may exist than have actually been

detected. Detalled checking in a few directions suggests that the algorithm
probably detects at least 907 of the occurrences.

3. The Interpolation Problem.

The results obtained in the course of the above calculations show that there
are some regions and directions at which simple interpolation of cutoffs between
ad jacent directions and/or locations is able to produce usefully accurate results,
whilst at other directions/locations this is not so. In general, cutoff inter-
polation in below—horizon directions is practicable at those directions and
locations at which the gradient of the maximum accessible zenith vs. azimuth
curve (Humble,1983: Appendix B; Figure 1) is moderate. Useful interpolation is
impracticable wherever that curve is steep, since discontinuities in maximum
accessible zenith angle occur quite frequently in that situation. The dis-
continuities are due to the increasing or decreasing of the influence of
particular components of the geomagnetic field as azimuth of arrival changes.

The accuracy of the interpolation process varies both with altitude and
with azimuthal direction. The most reliable values can be obtained between
azimuths of 195° and 345° at 3600 km altitude, reducing to a rather smaller
azimuthal range, of about 90°, at 400 km. This range is centred about dir-
ections which are approximately (270 - latitude)®, significantly to the
equatorward of west at all but the lowest latitudes.

4. Comparison of Geomagnetic Field Models.

The present project is based on, and has made use of some results from,
work performed previously. That work used the then best available numerical
model of the internal geomagnetic field, being an 8th order model based on a
1975 field model extrapolated forward to epoch 1980.0 by use of associated
secular drift coefficients. It was known at that time that this model was not
ideal, and that more accurate models would shortly become available.

About the time the present project commenced a 10th order definitive
International Geomagnetic Reference Field for epoch 1980.0 was published.
Accessibility calculations were immediately performed for selected locations
using this field model, in order to assess the sensitivity of the results to
the choice of field, and to determine if it would be necessary to recalculate
any or all of the results previously obtained. The 10th order field model
requires the use of approximately 25X more computer time than do the 8th
order models, and comparative calculations were therefore also .erformed
using the 10th order field arbitrarily truncated to 8th order. The sensitivity
of the results to the choice of field model was found to be location dependent,
being most noticeable in the South Atlantic and South American regions
(Humble et al, 1984), (This paper, which is attached as appendix C, reports
an amalgamation of work carried out under the present contract and related works,
performed separately by AFGL staff). The sensitivity in other regions is not so
strong, and it was not deemed necessary to recalculate many of the previous
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5. The effect of the atmosphere.

This aspect of the project was directed towards determining the effect on
the results of the use of a realistic model atmosphere to determine cosmic-ray
absorption, rather than making use of the standard assumption that the atmos-
phere is completely opaque to any primary particle which descends below an
altitude of 30 km. Only very preliminary calculations were completed, amounting
to little more than the necessary checking of the computer programmes imvolved.
The few available results appear to indicate that the 30 km limit is a sensible
approximation. This result had been anticipated; however, considerably more
work will be required before any definitive conclusions can be drawn from this
aspect of the project.

6. Publications.

Humble, J. E., D. F. Smart, and M. A. Shea, “"Cosmic Ray Access to Satellites
from Large Zenith Angles", 18th International Cosmic Ray Conference,
Bangalore, Conference Papers, 3, 442-445, 1983. (AFGL-TR-83-0296)

Humble, J. E., "On Directions from which Cosmic Rays may reach Earth

Satellites”, Proc. Astron. Soc. of Australia, 5, 265-267, 1983.
(AFGL-TR-84-0251)

Humble, J. E., M. A. Shea, and D. F. Smart, "Sensitivity of Cosmic Ray
Trajectory Calculations to Geomagnetic Field Model Representations”,

Phys. of the Earth and Planetary Interiors, in press.

Copies of the above papers are attached (Appendices A,B,C).

7. Scientific Presentions.

Humble, J. E., D. F. Smart, and M. A. Shea, "Hits Below the Belt -
Cosmic Ray Direct Access to Low Altitude Satellites from Earthward
Directions”, 1982 Fall meeting of the American Geophysical Union,
San Francisco, CA., December 1982, Abstract published in EOS,
Transactions, AGU, Vol. 63, No. 45, p. 1055, November 9, 1982,

Humble, J. E., "The Directions from which Cosmic Rays May Reach Earth
Satellites™, Annual Meeting of the Astronomical Society of Australia,
Sydney, N.S.W., Australia, May 1983.

Humble, J. E., “"Field Model Comparisons: Cosmic Ray Differences between
the Predicted and Adopted 1980.0 Fields”, XVIII International Union of
Geodesy and Geophysics, International Association for Geomagnetism
and Aeronomy General Assembly, Hamburg, FRG, August 1983,

Humble, J. E., D. F. Smart, and M. A. Shea, "Cosmic Ray Access to Satellites
from Large Zenith Angles™, 18th International Cosmic Ray Conference,
Bangalore, India, August 1983.
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Abstracts of the above presentations are attached (Appendix D).
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COSHIC RAY ACCESS TO SATELLITES FROM LARCE Z1ENITH ANGLES

J.E llumble
Department of Phyaics
University of Tasmania
Hobart, Tasmania
Australia 7001
and .
D.T.Smart and M,A.Shca
Air TForce Geophysics Laboratory (PIG)
Hauscowm ATR, MA 01731
U.S.A.

ABSTRACT

iy As the altitude of carth-orbiting satellites increases
it becomes progressively easicr for primary cosmic-
ray particles to gain access to them from directions
below the geometric horizon. Results arc presented
from a comprchensive survey of the largest accessible
zenith angles for a range of altitudes and geographic
locations., The search has disclosed that primary
particles are able to reach a satellite at an altitude
of 1250 km from zenith angles as lavge as 178°.

1. Introduction

Some interest has been expressed in recent times in the ability of
primary cosmic-ray particles to reach satellites in low altitude earth-
orbit from directions Lelow the local horizon. At the Paris Cosmic Ray
Conference, Huimble et al. (1981) showed that primary particles are able
to reach a satellite at a zenith angle of 120° from a range of western
azinuths at all the geographic locations which were investigated. The
calculations were substantiated by the results of experiments on board
the HEAD-C satellite (N.Lund, private communication 1981). The
investigation reported here extends these studies by determining in a
systematic fashion the largest zenith angles accessible to primary
particles at a sclected range of azimuths and set of satellite
altitudes and locations.

Calculations are reported for altitudes of 400, 800 and 1250 km,
for latitudes at 20° intervals from 40°N to 40°S at each altitude, and
longitudes at 60° intervals starting at 0° at cach latitude. For each
location thus defined a suitable range of azimuths likely to be accessible \
to primary particles at zenith angles of 120° or larger (Humble et al.,
1981) was investigated.

2. Method

The calculations have been carried out using the standard trajcct-
ory calculation program (Shea et al.,1965). For continuity with carlier
work we have continued using the former International Geomagnetic Refer—
cnce Ficld for 1980.0, as extrapolated from IGRI' 1975.0 with the use of
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w sccular corvection coeff icients (1ACA Study CGroup,1976). We note that
futvere caleulations should use the new defipitive TCREF 1220.0 model renult-

ing, from the Fdinburgh mecting of 1TACA (Peddic,]1982).

As zenith angles increase at a particulay location and azimuth of
arrival the Morizon Limited Rigidity* necessarily decreascs, due to the in-
creased curvature requived for the final stage of the trojicctory (Humble et
al.,1981). A similar situation holds true for particular penumbral bands.
The rather sivple rinded, but effective, scarch technique used was, there-
fore, to comnence calculatiens at zenith angle 120° and a large rigidity,

TR ¥ U RN

)

veually around 30 GV, 1{ this trajectory was allowed the zenith angle was g
increrented by 2° whilst if it was ferbidden the rigidity was decremented b
by 1%, The process was then repeatced at the new zenith or rigidity. K

The technique is fast, in that the majority of the trajectories g
involved are simple onec. It has the effect of following particular pen- K
unthral features through increasing zenith angles. If one such band cuds -
as zenith angle increases the next lowest (in rigidity space) band is X
automatically found. This process continues until the Storner cone is =
encountered, The technique does ignove the possibility that a penumbral :
allowed band may exist at relatively high rigidities extending to larger !
zenith angles than do the lower rigidity bands first cxplored. One or two

such exawples have been found, the clear implication being that great care
must be used in seleccting the starting vigidity.

. .
bt P

3. Results and Discussion

- AR

The largest accessible zenith angles, Z, found at cach location are

listed belorr. . i
Altitude  Lonpitude 0 60 120 180 240 300 :
400 T 40 x 144 142 142 144 138 136 !
20 X 140 140 138 136 144 148 -

0 138 138 140 138 138 138 X

20 136 142 144 144 136 136 :

40 8 136 136 130 138 146 140 ;

|

800 ki 40 X 156 154 156 156 148 146 .
20 % 164 160 160 160 164 162 :

0 158 160 160 160 158 162 ;

20 5 156 156 158 166 160 156 )

U 146 146 140 148 158 158

1250 km 40 N 162 162 162 162 156 152
20 ¥ 178 178 176 178 172 163 :
0 172 174 174 176 176 178 .
20 S 166 164 166 174 174 170
40 S 154 154 148 154 164 170

*The highest rvigidity wvith which primary particles can rcach the site.
This was called "Allowed Ripidity" in our 1981 paper; we belicve the
present name to be nmore descriptive,
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o Figure 1 shows scans of the largest accessible zenith anples found

- versus aziruth, for one site at cach latitude at 400 km altitude. Note
that the largest zenith anple accessible at each site occurs at azimuths

- to the equatorward of Vest., This is true in all cases which we have

i investipated., Note aleo the fine details plotted for 20°N 300°, Exten-

S sive calculations were undertaken at this site.

The distribution of Z with latitude varies according to the
altitude involved. At 400 km there is no detectable relationship between
Z and latitude. However, a relationship begins to be apparent at 800 km,
and is rwch more obvious at 1250 km, at which altitude the largest values
of 7 are found between 20°N and 20°S. The 7 wvalues at higher lati-
tudes are noticeably reduced.

The largest values of Z  found at each altitude, and indicated in
» the table, are 148° at 400 km, 166° at 800 km, and 178° at 1250 km.

These compare with borizon zenith angles of 110, 117, and 123° respective-
ly. The listings only indicate values actually found «t a selected grid
of locations. They do not exclude the possibility of larger values being
found at nen-grid locations., The limited spot checks which we have made .
at 400 km only, for various latitudes between 40°N and 20°S have revealed
one such case, an allowed trajectory at a zenith angle of 150°. Due to
the method used we cannot completely guarantee that larger angles than
those listed also exist at the grid locations. However, we believe that
significant variations are unlikely.

Tt should also be noted that the calculations are artificial in one
important respect. They assume, along with earlier calculations, that all
particles descending helow a local altitude of 30 km undergo interaction
with the atmosphere, The general agreement referred to earlier between
the HEAO-C observations and early calculations for 400 km altitude suggest
that the assumption may be reasonable, but the point requires elucidation.
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A=l ’O)Undefyound -0.14 (Al/ I°)Neulron

Where A/ is the deviation of the daily average intensity / from
a reference intensity /. The latter was chosen as the value of
daily average intensity on 11 July, one day before the
commencement of the decrease.

The A variations are shown in Figure 2(c). They exhibit a
prominent 27-day periodicity, clearly not initiated by the
Forbush Decrease. It seemed that the variations might be due
to the interplanetary North-South anisotropy for which firm
evidence has emerged during the last decade (Swinson, 1971).
this is a B x Y(n) phenomenon, where B is the interplanetary
magnetic field (IMF) vector and V(n) is the density gradient
vector of cosmic ray particles, directed radially outward from
the Sun. The resulting particle drift normal to the plane of the
ecliptic produces a diurnal variation of intensity (in sidereal
time) and a daily average intensity term. It is the latter, known
as the North-South (N-S) asymmetry, that is of interest here.

The N-S intensity /(5), at a latitude 5, varies as sin 5. Thus it
is asymmetric with respect to the hemisphere of observation,
an increase in one hemisphere being mirrored by  -crease in
the other and vice versa. Moreover, the asymmetry reverses
direction with reversals of direction of the sectorised field
vector B. It has a flat, ~P%, rigidity spectrum. The magnitude
of the asymmetry, at mid-latitudes of observation, is usually
small, being ~0.1%. Thus it can easily be swamped by large
isotropic variations.

Until now, only the large multi-directional telescope system
at Nagoya, Japan, has been able to detect the N-S asymmetry
with sufficient accuracy for day-to-day variations to be
observed. Isotropic effects are removed by recording the
difference of intensity between north-pointing and south-
pointing (equatorial scan) telescope components. The daily
difference measurements, known as GG, have been observed to
follow a 27-day variation, within which the peaks tend to
correspond with the Towards direction of the sectorised IMF
and the troughs with the Away direction. This expected
correspondence has been achieved on more than 70% of daily
occasions over several years of observation (Mori and
Nagashima 1979).

In Figure 2(c) the variations of GG, inverted because of the
latitude asymmetry, are compared with the variations of A. It
is clear from the close agreement between them (linear
correlation coefficient 7 = 0.62) that the systematic variations
of GG and A are due to the same phenomenon. That they are
due to the N-S asymmetry can be seen from the striking
correspondence of the peaks and troughs of the variations with
the Away and Towards polarities of the IMF (Figure 2(d) ).

Conclusion

The most promising feature of these initial results, achieved by
quite different methods in the two hemispheres, is the fidelity
with which the variations from Nagoya and Mawson have
tracked each other, not only over the period shown, but in
succeeding months. It means that a sufficiently high degree of
stability of observation has been attained as to enable, for the
first time, various kinds of long-term trends in the average
intensity underground to be investigated in both hemispheres
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and, further, differences in trends between the hemispheres,
for which there is already some evidence in the observations
reported here. A )
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On Directions from which
Cosmic Rays may Reach
Earth Satellites |

J. E. Humble, Physics Department, University of Tasmania

Introduction

It is easy to feel, on an intuitive basis, that primary cosmic
rays of at least some energy range will be able to reach a
satellite in earth-orbit from all directions above the local
geometric horizon and from essentially no directions below the
horizon. This argument suggests that directional cosmic ray
detectors on board satellites may safely assume that the only
particles received from earthward directions must be splash or
albedo particles from the atmosphere, and that any equipment
liable to possible radiation damage should be preferentially
located on the earthward side of the satellite. In actual fact
primary cosmic rays can have quite sharply curved trajectories
in the magnetosphere, thereby enabling some particles to gain
access to a satellite from a range of directions below the local
geometric horizon. The present work presents recent
quantitative results on this matter,

The Caiculations

Calculations have been carried out using the standard
computer program for computing cosmic ray trajectories in the
magnetosphere (Shea ef al. 1965). For continuity with earlier
work the former International Geomagnetic Reference Field
for 1980.0, as extrapolated from IGRF 1975.0 by use of
secular correction coefficients (IAGA Study Group 1976) has
béen used. The differences caused by the use of this model of
the geomagn-tic field rather than the more recently published
definitive IGRF 1980.0 model (Peddie 1982) will be the subject
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of further investigation. Preliminary computations suggest that
the differences will not be large.

The procedure adopted is to calculate, by numerical
integration of the equations of motion, the trajectory of a
negatively charged particle leaving the satellite in a specified
direction. This trajectory will be precisely the same as, but
traversed in the opposite direction to, that of a positively
charged particle arriving at the satellite from the specified
direction. If the trajectory of the negative particle enters the
atmosphere, at an altitude of 30 km or less above mean sea-
level, it is unlikely that an inbound positive particle would
emerge from the atmosphere in that particular direction, since
it would have been destroyed in interactions with atmosphere
particles before doing so. The particular direction of arrival is,
therefore, considered to be forbidden to incoming particles.
The argument is stronger yet in the event that the trajectory
intersects the solid earth.

The only significant force acting on the cosmic ray particles
in the magnetosphere is v B, and it is obvious that the only
particles able to reach the satellite from directions below the
local horizon are those for which v x B has a positive radial
component in regions close to the satellite. Broadly, this will
tend to facilitate access from below horizon zenith angles for
particles arriving from westerly azimuths (Humble es a/. 1981),
whilst inhibiting such access from generally easterly directions.

Results

Calculations of this type produce a plethora of results
encumbered with a number of parameters. The specific
variables are the location (latitude, longitude and altitude) of
the satellite and the magnetic rigidity and direction of arrival
(expressed in terms of zenith and azimuth angles) of the
particle whose trajectory is being investigated. The present
calculations have been directed towards finding the largest
zenith angles with which primary cosmic ray particles can
reach the satellite at each of a range of locations. Searches for
such large accessible zenith angles have been carried out at
locations specified by all possible combinations of latitude at
20° intervals from 40°N to 40°S inclusive, longitude at 60°
intervals starting at 0°, and altitudes of 400, 800 and 1250 km
above the mean spherical earth. A smaller range of latitudes

labic

Varistion of Largest Acceseidle Zenfth Angle with Altitude

-12 -

Largest
Satellite Zenfth Angle Accessible Corresponding
Altttude of Worizon Zenith Angle Llastitude Longitude Azimuth Rigidity

(km) (deg) (deg) {deg) (deg) (deg) {Gv)
406, 10 150 20m 306 0! 5,006
600 11 158 208 300 195 6.538
800, 1" 166 20 s 180 us 8.216
1000 120 172 08 0 258 8.897

0N 60 255 10,432
1230 12 180 20 N 0 193 9,484

20 N 0 3 9464

.
Searches performed at latitudes 40°N, 20°N and 0° only,

' .
A computationally non-standerd sajmuth. The largest accessible zenith angle
found st 400 km ot & standard azimuth was 148°.
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Table 2

The variation of largest accessible zenith angle with geographic
location at 400 kmw sltitude.

‘Latitude Longitude
0 60 120 180 240 300
40 N 144 142 142 146 138 136
20 N 140 140 138 136 144 150
] 138 138 140 138 138 138
20 S 136 142 144 }4& 136 136

40 s 136 136 130 138 146 140

~

has also been investigated at altitudes of 600 and 1000 km.
Some additional azimuths were also investigated at 400 km
altitude, with the aim of detecting any fine scale dependence of
largest accessible zenith angle with azimuth.

At each location searches have been carried out at 30°
azimuth intervals, ranging larger or smaller as required from
255°. These generally westerly directions are those previously
mentioned for which vx B is known to have a positive radial
component in the region of the satellite. The risk that the use
of azimuths so pre-determined might lead to a self-fulfilling
prophecy in the final results was avoided by taking care to
extend most of the searches in azimuth until it was evident that
no further possibility of access at large zenith angles remained.

The largest accessible zenith angles found at each altitude,
regardless of satellite geographic position or of particle
azimuth of arrival, are shown in Table 1. It can be seen that
the increase in the angle with altitude is essentially linear, to
within the coarseness (2°) of the zenith steps used.

The programme used to obtain the above results makes a
complete set of calculations for any specified location and
azimuth of particle arrival. For each set of initial conditions it
searches rigidity-zenith space for the largest zenith angle for
which primary cosmic ray access can be confirmed. The
algorithm used (Humble e/ a/. 1983) is satisfied by finding a
single allowed trajectory at a further, larger, zenith.
Consequently, the rigidity of the particle for which an allowed
trajectory is found is only a pseudo randomly chosen member
of the set of rigidities with which particles may be able to
arrive at the satellite from the direction under consideration. It
is necessary to recognise this restriction when considering the
rigidities quoted in the final column of Table 1.

There are considerable variations between the largest
accessible zenith angles found for individual longitudes at any
given latitude and altitude. The results in Table 2 show this
situation for an altitude of 400 km.

The inference from Table 2; and from similar computations
at other altitudes, is that the largest accessible zenith angle is
not a strong function of latitude, at least between 40°N and
40°S,

The azimuths in which the largest accessible zenith angles
occur are, however, a strong function of latitude, with a
marked tendency for the largest zenith angles to be found at
azimuths to the equatorward of west, as shown in Figure 1.
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Figure 1. [he variation with latitude and azimuth of largest accessible
zenith angle for a satellite orbiting at 400 km altitude. The longitudes
chosen are those for which the accessible zenith angle was largest for

each latitude.
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Conclusion
Satellites in earth orbit at medium altitudes with orblul
inclination of 40° or less may easily be reached by primary
cosmic ray particles from zenith angles well below that of the
local geometric horizon. At altitudes of 1250 km and above
particles can reach the satellite from all possible zenith angles,
The research was supported by the U.S. Air Force
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AFOSR-82-0313.
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HYDRA — The New Ob-
serving Environment at the
Parkes Radio Telescope

J. D. Argyros, D. Brown, J. F. Deane, M. Firth, R. F.
Haynes, A. Henderson, A, Hunt, P.Y. Lee, H

May, P. S. Mulhall, P. T. Rayner and M. Wilhng,'
Division of Radiophysics, CSIRO, Sydney

Introduction
After 21 years the Parkes radio telescope has undergone a
major refit. A new VAX-11/750 running VMS has replaced
the aged Digital Equipment Corporation PDP-9 computer.
Other new equipment includes two systems not previously
available — the Mk 11 RING communication system (Willing
and Ables 1983) and the ‘observer workstations’.

A new observing system, called HYDRA, has been
developed to enable the general user to make the best use of
the new facilities.

Specification of HYDRA _

Two extreme approaches could be taken when designing such a

system:

(a) The piccemeal approach — one simple program working
in complete isolation for each type of observation.

(b). The ‘integrated’® approach, in which the hardware and
each of the simple programs are linked into a complete
environment for performing astronomical observations.

It is neither desirable nor practical to design a single
monolithic observing program to control the whole range of
observations that are performed at Parkes. A continuum
scanning program and a program for collecting pulsar data,
for example, have quite different requirements.

The design of HYDRA allows individual components to be
enhanced or replaced with ease. To this end we have provided
a software framework which permits, in a convenient and
standardized manner, communication between the user, his
equipment, his data files and the telescope control and
receiving equipment. This framework supports software
components which perform the data collection and collation,
as well as post-observational processing. It is easy to add
observing programs and post-observational processing
programs to this well-defined framework (as long as a number
of ground rules are observed).

The following requirements were taken into consideration
during the design.

(a) Observers often wish to analyse data immediately; they
should be able to continue observing while this is being
done.

(b) Each of the observing programs should have the same
user interface. This interface should be provided via a
menu system in which all of the data input to the
observing program are specified. The menu system should .
be many-layered, allowing the user to control the various
parts of the system separately. A help facility should be
provided to explain the function of that layer, and to
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SENSITIVITY OF COSMIC FAY TRAJECTORY CALCULATIONS
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Cozmic ray vertical cutoff rigiditiezs at cea Jevel have heen calculot-
ed, usife; the ftrajectory-tracing wethod, for a nunber of diffierent epochs, -
There caleulations have been carricd out for a world-wide qrid of lecations,
and, in an eifort to locate the cosmic ray equator, for a fine g¢rid in the

equitorial reaion, Comparison of tha vertical cutof{ rigidity valuex obtained

using the international Geomagnetic Reference Field modsl for 1980.0 with thome

b’ oblainzd 1ron previovs models shove systenatic significant changon in e
Atlarntic Coean region and over South America. The differences are greater
Fuﬁ thon Lhore prediched ulilizing the older {ield nodels with theirc rredicted
) seculac chunse, The cuteff{ rigidily values calculeted using tha rew 1GES
. 1580,0 freld wedel anpear Lo be in better agreenint with data from cosmic ray

i latitude surveys in the Atlantic Coesn region. The clianges in the cozmic rev

equiator ace afymwetrical with ezzentially no charces in the equator poesition in

Lhe Asian anl Pacific regien, put with significant chienges i the Sounh

Licerican, Atlawic Quean and West Adrican recions, Cxleulatlions have ealro
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bean unior b aken for diiferent directione or anvival for o osetellite (risting of

0Ty pun altitnt. uzing Lhe predicted 1989 fieid nadel and {he ntarim 1980 faelld
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Ectimates of cutoff rigidities obtained from trajectory calculations
vere firet puhlished by Freon and McCracken (1962). R congidereble number of
such cutoff rimidities have subscguently been calculated (Shea and Smart, 1982,
and refercincce therein).

-

The aim of these caiculations has gensrally been to obtain a parameter
suitable for the ordering of data from cosmic ray detectors. either mobile or
gtaticonary. on or clege to the surface of the earth, The cutceffs obtained
should refer to the epoch in which the data were obtaired. and for this reason,
snid also for the purely practical reason of availability of field models. cut-

of fs have bzen calculated at one t;me or another with most of the field modele

which have heen available. including those of Finch and Leaton (1857). Jensgen
- and Cain (1962). and IGRF medels for 1965.0 (IAGA Commission 2. Working Group :
4, 19¢9), 1970.0. 1975,0. and 1975,0 projected forward to 1980.0 (IRGR Division e

1. Study Group, 1976) and 1950.0 (Peddie. 1982). g

[\

(T3

2. METHOD

To specify the exact path of a charged particle in the gqecmagnetic

freld it is n2cessary to numerically integrate the differential eguation of

motion
r=%p v,
(r o sl VY

alcern the entive trejectory from 1ts commencenent point, In ivincinle any

nuacrical antearation technigus may b2 used. Due to the complex transect

W 1aS
PN N el

Cf ooy op the cormae rov particlez with vhich ve ace concerned. we lave

oo - . -
standacdivied on Lhe uee of the fourth order Punae-futta antearation technigue .
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as originally deseribud by MoCracksn er of,, 1962, For practicael reascene we
caleulate the Lrajectory of a negatively charoed parlicle moving outward from
the carth ot o particaloa direclion from a specific Joval ton, Suclhi a trajes!

ory iz idenbiral to ihat of & positively charged particle of equad riaidity
approaciting the localion from the sanme divecstion, althoush treversed in the

copogite direction,

Fach of the culoff rigidily values was calculated in the same marmer Ly
initicting the cozwic rev trajectory at the ton of the sconsible atrcaphere (o
thic purpcze an altitude of 20 km above the surface of the earth) in the
vertical direction, The calculations were continued uctil either access te
the interolanzstary mediun was assured (the trajectory evlierndad to a distence of
more than 25 earth rardii) or the trajectory wos found to be forhidden, Fer-
bidlen treajechories vere divided into two dgroupz, thoze which interszected tho

so0lid earth (czlled re-emlrant trajectories) awd these for which no golution

,.1

f\?
i

could ke obtained vithin a reasonaihde number of iterations arbitracilv g
200,000, Trajectorizs of the latter type are qererally found enly at loco
tionz at hidh geomagnetic latitudes, They do not form a significont fraction

of the resnits reporied hiore,

3, HOFLD_GEID_OF VERTICAL CUTONE RIGIDITY VILUES

1)

The effective verlical culoff{ rigiditics calculatod for a world quid
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1500,0  (Peddie,1922) are  illustrated in Figure 1, Actual culoffs werns
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vere obtained, Significant differences have heen found betuween the effective
vertical culoff rigidities calculated for Epoch 1965.0 and those calculzted for
Epoch 1980.0 Changeg of the order of 0,10 GV were calculated for many arcac
of the world, Major increases were calculated for the Morth Atlantic Occan

arca, and maior decreases for the South Atlantic Ocean and South American

areas, as illustrated in Figqure 2,

4, THE COSMIC RAY LEOURTOR

When it became practical to calculate vertical cutoff rigidities by the
trajectory-tracing technigue it aleo becamz feasible to locate the maxirum in
the vertical cutoff rigidity as a function of latitude al a given longitude.
thereby determining the lecation of the cosmic ray equator by theoretical meih--
odz (Shex.1969), We have determined the coemic ray euuator for Ercoch 1980.0
in the following manrer, Vertical cutoff rigidities were calculated at inter-
vals 1° in latitude and 5° in longitude in the rewion of the cosmic ray equat-
or. Thes2 calculations were made for approximately 10 discrete latitudos ot
cach longitude centred around the location of the equater determined for pre-
vicus Epochs (Shea and Smart,197%). The maximum vertical cutoff{ riqidity for
cach lorpitulde was determined by a least squares fit to the vertical cutcff
rafr-ities along each longitudinal meridian. with the loci of these moints do-
fivoier the cotmic ray ecuater, The location of the cosmic ray eguater {or
et 1000,0 and that deotermined in a similar manner for epnch 1955.0 are shoon
I Fianre 3, The coumic ray equator for Epoch 1920.0 has chifted ne. hoard X
rovethoan 17 an Jatitude betueen londitudes 280°E to 360°E with a mawiiun shitt
e clintt Iy re than 4% in latitude between longitude X 210°E sr} 2A04-g.

R TR

10 the coamic ray equator n the rast 25 voars e oy

4

torneaned to the Scuth Mwerican and Atlantic Ocean aroas,
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Thic =hift in the location of the cosmic ray eguator is concishent with
the resulte of Sporre and Ponerantz (1970) who reported finding a similar shift
by evparimental measurements along longitude 346°, Other experimental m2asure-
ments conducted over thz past 45 yvears, moctly in the Pacific Occan area, sre
consistent with the resulte shown in Fiqure 3. that there has been no signific-
ant variation in the pozition of the cosmic ray eguator in those lonaitudes.

S TRRIECTORY CPLCOLATIONS FOp SATELLITE ALTITUDES

A 3

In addition to the calculationz repcorted in previous secticns we have
also computed a very eztensive get of cutoff rigiditiez for pointz on tho
shell traversad hy an earth satellite in a circular geocentric orbit at a mean
altitude of 400 km, 2 total of 67 directions of particle arrival were
considered at ezch of 132 locaticne distributed each 10° in latitude and 30° in
longitude around the orbital surface., evtending in latitude betwean 50°N and
SUMCH Some initial résults have hzen reported (Humble er £¢..1979) and a more
detoiled report 12 cucrently being vrepared, The calculations were colmenced
in 1977, initially in connectiion with experiments to be flown on board the
HERD-C spacecrali. A field model for epoch 1940,0 was reguired. and the IGRF
1975.0 model wag chogen, evtrapolated forwvard to 1980.0 by use of the
agsoclated secular drift coef{f{icients (IAGh, 1976, cn.c7t.). This field modal

. th )
is of 87 order and dearce,

Followmira the odovtion of the precent IGRF for 1980,.0 (Peddie.1082) we
carried cutl some camble tests to determine, in a gqualitative fachion. the

ffoct oy our recsulto of changing from the model previcusly used to the adopted
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1450.0 model, Due to the amount: of computer tim= involved uve were anzious o
avold a more comprehensive comparison unlesg such were forced upon us by the

resultz of the pilot s=tudy.

-2 further complicaticen existy., induced by the decigion to define the

th order and deqree, Trajectory integration uses

adopted 1920.0 model at 10
- larce amounts of computer time. a considerable fraction of which is utilised in
evaluation of the vector components of the geomagnetic field, The inteuration
techniqgue usad (section 2) requires these maonetic field vectors to ba computed
four times per integration step, The computer time required for each computa-
tion of vectors increascs by approximately the square of the dearee and order

of the field model used. and the change from Bth to 10th

order and dearee
increases the computation time for a given trajectory by about 25%, (That

thig is less than the expected value is partly accounted for by our dropring

the higher order terms in the expansion when they beccme insignificant at
increasing altitude.) We have therefore aleo undertaken a gualitative survey

on the effect of truncating the adopted model at 8th order and dearee.

In this study we have compared cosmic ray cutoff rigidities calculated

for 6¢ locations on our world-vide qrid using

t!
&P the 8 order ard degree IGRF 1975.0 extrapolated foruard to 1980.0
(abbreviated as 08 in the followiny discussion). )
. th
(2) Lthe 1077 order and deqree 1GRF 1980.0 adopted field model truncated to

th
&7 order and degoes (abbrevialed as ACZ). and

: M el th

.a: (N the adonted 1007 order and degqree IGPF 1980,0 (Peddie. 1962) alireviated
if as R10,

-.;"I

A
The results aroe tabulated 1p table 1
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Incpection of Lable 1 shows significant differen~en batween the recults
obtainoed using the varions modele, The rigidily inlervalse uszed were 1%
throwshout, abmormally coars=e compared with many irwesticabions, but it is
clear even al Lhis interval that the choices of field model is criticel in come

circunstance:s,

Another sct of calculations display senzitivily to choice of {ield
mociol, Chargad particles are able Lo reach orbiting sat=llites from cenerally
westerly directions at zenith angles considerably larger than that of the loceal
cacth horizon, We have carried oul calculations to deterwine the largest
zenith angles with which such particles are able Lo reach a satellite orbiting
at 400 km (Hunble o7 £¢,.19%3). A sample of the results oblainad vsing the
asdonted 10th order fizld is shown in figure 4a, In figure 4h we show the
dificrences from the 410 field results obtained by use of the %08 and A08
nodels, The majority of the differences are 2°, equal to the zenith angle

incrawrent. used,

The implication of our resultz is that the choice of field mcdel is
impurtant, even ol the relatively coarse samnling intervals in rigidity and
dirtection of arrival which have been erployed.,  However, it should e nolod
that this is a geniral stotement, which does not apply te all trajeclories,
In nany cases individual Lrajectories are rather sinilar regerdless of the
field mode) uzed, Figure 5 shows altitude ve longilude sections for such a
trajeclory caleulated, for Lhe =zame initial condilions, in «ll three field

motelis o There jo very little significent difference between Lthe threc
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For « ot an traclories, however, the choice of ficld model 1=

crunial, Figir.. 6 and 7 depicl this situation for two different sete of

it Al eonditions,  The figures show tetelly different treajectories in esach
of the fileld nudnle, The figures are presented for illustrative purposes
only, awan wdication of vhal differences can be found. and it should not be
concluded from them that such differernces would nzeezearily be found over a
ranie of other initial conditions, We note, however, that thesze trajzcleories
pass Lhrough the Ztlantic region longitudes to which reference has been wade in

gecltion 3.

6. DISCUSSTON ANHD CONCLUSION

In the past few years it has become more apparent that the cosmic ray
teadjecteory calculations used in the analyses of cozmic ray ohservationz must he
made utilizing geeragnetic field models for the epoch in which the data vszre

b

obLair.ad, The general secular irend that has becowe apparent over the past 25

T

years io aufficiently large to be detectable in precicse cosmic ray measure-
mond s, Furlhermore, it would seem thal the IGRF for Epoch 1975.0 and its
associated predicted time derivalives is particularly ill-suited for the
analyzis of cosmic ray date acquired in the longitude embracing the atluntic

Clean reJgion,

Ag <homo in Figure 2b, major changes are found hetween the vertic:l
culatf rcidlitiyez caloulated for the world grid for Frochs 1965.0 ard 1920.0 in

Lhe Ablontic Gooan verion, Thig i¢ Lhe same longitudinal region where we have

fourd sigrificont differences batween culoff rigidities commiled for 1980 usziry
ot iaily o i o e e pere dodimbive 10 mannotic field saodel .
T g sden U oo ea where latitude mirveys have choun the qreatest doviat ion
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from tle recult: eapected on the bhasis of model calculations (Mischle er s¢.,
1677 ov 1977 Shea et 2(.,1061) and whure there ia a major latitudinal shift in

e covmie ray egquator over a 25-yest period,

4le pote that regionz in which we find major changes with CLiwe in cosnic
ray trajectories and cutoff rigidities are similar to those regions in which
the hovizontal component of the magnetic field shows temporal variationsz
(Peddie, 1982). Cosmic ray varticles respond to the integral of V x B over
their entire path lensth in the geomagnctic field, Cosmic ruy trajectcries
having rigidities near the cutoff have a larger fraction of their trajectories
at louer altitudes and are therefore more likely Lo be affected by the higher

order cemponenls that contribute to the total geomagnetic field topology.
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Field X0& AN8  X08 RUS X08 AR08 X08 A08 X0& RA02 X0& RO8
Latitude

SO0°N -2 0 0 0 -4 0
40°H -2 0 +3 0 0 Q 0 0 -2 0 -6 -5
30°N +1 0 0 0 +1 U 0 0 +4 0 +2 42
20°N 0 0 +1 0 0 0 0 +41 0 +3 0
o 0 U +1 0 0 0 0 0 -1 0 +1  +1
0 0 0 1] 0 0 0 0 0 0 O 0 0
10°S +1 0 -1 0 0 0 -1 0 0 o0 0 O
2nes -1 =2 -3 0 0 0 ] 0 0 0 0o 0
s -3 0 -2 0 -2 c 0 0 +1 0 +1 O
s +1 -1 -3 -3 +6 0 +1 0 6 +1 +3 42
sgcs -4 0 0 -1 +5

Teble 1, Vertical upper compuled cutoff rigidities calculated usina
the evtranolated (¥X02) and truncated adopted (AUGR) geoinag-
netic field models expressed as & percentage difference fiom

3
the cutoff caiculated for the IOtJ order and deares adop

F
L';'d
(A10) field.
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Figure 5
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Estimated vertical cutoff rigities, epoch 1980.0 The contours

are in units of GV,

Contours of averaged annual change of estimated vertical cuteff{

rigidity between 1965.0 and 1920.0

Estimated geographic location of the cosmic-ray equator for epochs

1955,0 and 1980.0,

Largest zenith angles at which charged prirary particles are able

to reach a satellite orbiting at 400 km altituds, IGRF 1980,0

th

adapted to 10°° order field,

The largest accessible zenith anagles found using other field
models, erzpresced ag a difference from the results choun in
Figqure 4a, The abbreviations used are defined in the caption to

table 1.

Trajectories of 15,244 GV particle arriving at (lat.0®. lona.120°.

alt.400km) from zenith 128°. azimuth 22%°,

Trajectories of 9.828 GV particle arriving at (0°. 300°, 40%0km)
from (i12¢°, 1. .°), Note that the errival direction is accessihle
from infimty o the A2 and X082 field nodels but is inaccazsible

(trajectory forbidden) in the A10 field.
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Figqure 7 Trajeciorics of 10,537 GV particle arriving at. 0°, 60°, 400iae)

from (132°, 225°), The direction of arrival is forbidden from
infinity in both the A08 and A10 fields, hui is acceszible accord-

ing to Lth2 carlier (Y08) model.
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Hits Below the Belt - Cosmic Ray Direct Access to Low
Altitude Satellites from Earthward Directions

J. E. HUMBLE
Department of Physics
University of Tasmania
Hobart, Tasmania 7001, Australia

D. F. SMART and M. A. SHEA
Air Force Geophysics Laboratory,
Hanscom AFB, Bedford, MA., 01731

ABSTRACT

We have previously reported finding that primary cosmic ray particles

are able to reach satellites at 400 km altitude from zenith angles up

to 135°. More detailed investigations have now found that access is
possible at certain locations at zenith angles up to 150°, only 30° from
the nadir. Access from zenith angles of order 140° to 144° is common and
occurs at all the latitudes which we have investigated between 40° North
and 50° South., Particles arrive at these large zenith angles from azimuths
on the equator side of west in both hemispheres.

Presented at the Fall meeting of the American Geophysical Union,
San Fransisco, CA, December 1982,

The Directions from which Cosmic Rays may Reach Earth Satellites
by HUMBLE,J.E., UNIVERSITY OF TASMANIA

It is easy to feel intuitively that primary cosmic
rays are able to reach earth satellites from all direc-
tions above the horizon and will be unable to do so from
directions much below the horizon. The falsity of the
latter assumption is discussed, and it is shown that
primary particles can reach satellites at 400 km altitude
from zenith angles up to 150°. At an altitude of 1250
km primaries may gain access to the satellite from zenith
angles up to at least 178°, essentially from directly
beneath the satellite.

Presented at the annual meeting of the Astronomical Society of Australia,
Sydney, N.S.W., Australia, May 1983,
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FIELD MODEL COMPARISONS: COSMIC RAY DIFFERENCES BETWEEN THE PRED ICTED
AND ADOPTED 1980.0 FIELDS

J+.E.Humble
Physics Department
University of Tasmania
Hobart, Tasmania, Australia

Cosmic ray trajectories have been calculated using the 10th order definitive
geomagnetic reference field adopted at the 1981 IAGA meeting in Edinburgh;

the same field arbitrarily truncated to 8th order; and the Interim Geomagnetic
Reference Field for 1980.0, based upon the published 1975.0 field and its
associated secular drift coefficlents. It is shown that in the majority of
cases the trajectories obtained using each field model are rather similar.
However, in certain circumstances considerably different trajectories result,
particularly if the location concerned is near to the South Atlantic Geomagentic
anomoly. The use of the different field models does not significantly alter

the largest accessible zenith angles calculated for some sample locations.

Presented at the XVIII General Assembly of the International Union of Geodesy
and Geophysics, International Association for Geomagnetism and Aeronomy
meeting, Hamburg, Federal Republic of Germany, August 1983.

COSMIC RAY ACCESS TO SATELLITES FROM LARGE ZENITH ANGLES

JeE.Humble
Department of Physics
University of Tasmania
Hobart, Tasmania
Australia 7001
and
D.F.Smart and M.A.Shea !
Air Force Geophysics Laboratory (PHG) ‘
Hanscom AFB, MA 01731
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ABSTRACT
As the altitude of earth-orbiting satellites increases
it becomes progressively easier for primary cosmic~
ray particles to gain access to them from directions
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! below the geometric horizon. Results are presented

e from a comprehensive survey cf the largest accessible
. zenith angles for a range of altitudes and geographic
- locations. The search has disclosed that primary

.. particles are able to reach a satellite at an altitude
s : of 1250 km from zenith angles as large as 178°.
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jj Presented at the 18th International Cosmic Ray Conference, Bangalore, India,
- August 1983.
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Cosmic Ray Access to Spacecraft from Earthward Directions:
the Role of the Atmosphere

J.E.Humble
Physics Department, University of Tasmania

Previous calculations on this topic have used a very simple
model for the atmosphere. The model assumed the atmos—
phere to be totally transparent to cosmic rays at altitudes
above 30 km and totally opaque to them at lower altitudes.
The calculations reported here use a realistic model atmos-
phere. It is shown that the results obtained are similar
to those obtained with the cruder model.

Presented at the annual meeting of the Astromomical Society of Australia,
Coonabarabran, N.S.W, Australia, May 1984,
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